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TURBOJET-ENGINE INSTATLATTIONS

By Uwe von Glahn, Edmund E. Calleghan, and Vernon H. Gray

) SUMMARY

Investigations have been made in flight and in wind tunnels to
determine which components of turbojet installations are most critical
in icing conditions, and to evaluate several methods of icing protec-
tion. From these studies, the requirements necessary for adequate ~
lcing protection and the consequent penelties on engine performance
can be estimated.

Because investigations have indicated that the compressor-inlet
screen constitutes the greatest icing hazard and is difficult to pro-
tect, complete removal or retraction of the screen upon encountering
an leing condition is retommended. In the absence of the screen, the
inlet gulde vanes of an axisl-flow~type turbojet engine constitute the
greatest danger to engine operation in an icing condition; a centrifugal-

 type engine, on the other hand, is relatively unsusceptible to icing

once the screen has been removed.

Of the three icing-protection systems investigated, surface heat-
ing, hot-gas bleedback, and inertis-separation inltets, only the first
two offer an acceptable solution to the problem of engine icing pro-
tection. Surface heating, either by gas heating or electrical means,
appears to be the most acceptable icing-protection method with regard
to performance losses. Hot-gas bleedback, although causing undesirable
thrust losses, offers an easy means of obtaining icing protection for
some installations. The final choice of an icing-protection system
depends, however, on the supply of heated gas and electrical power
available and on the allowasble performaence and welght penslties
assoclated with each system.

INTRODUCTIORN

The development of high-performance turbojet engines and the
advent of all-weather turbojet-propelled aircraft have necessitated
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extensive research programs to determine methods for lcing protection
of the various components of such engine in.stallations Not only is
the inlet ducting of .a turbojet- engine installation sub.]ect to icing,
but, more important, the internal elements such as the compressor- '
inlet screen, the inlet gulde vanes, and the compressor blading are
also subject to icing. Ice formations on the internal elements
seriously affect the operatlon, and the performa.nce characteristics of

a turbojet engine. The ice formations on the screen and the inlet guide
vanes reduce the cumpressor-inlet area amd incresase the pressure lossesd.
In addition, ice formations on the compressor blading may decrease the
compressor efficiency and thus further reduce the pressure avallable in
the engine. The over-sll pressure and mass-flow losses of the entire .
turbojet-engine installatlon markedly decrease the propulsive thrust,
particulerly at high flight Mach nimbers (reference 1). Serious icing
of a turbojet-engine installation may render the engine inoperative in
a matter of minutes.. }

. The scope of NACA turbojet-engine icing investigatione to date has
been threefold: (1) to study the effect of icing on turbojet-engine
performance, (2) to evaluate the feasibility and the practicabllity of
several methods for protecting turbojet engines from icing, and (5) to
determine the effects of these ice-protection methods on engine per-
formance under both dry and ilcing conditions. The investigations were
carried out at the NACA Lewis laboratory in natural-flight icing con-
ditions and under simulated icing conditions using & water- -spray system
in the altitude wind tunnel and the ic:mg research tunnel

The icing investigatioms in natural—fllght icing conditions were -
confined to the determination of the effect of icing on turbojet-engine
performance. - Investigations . in the altitude wind tunnel included the
three phasesg of icing :anestigations previously mentioned. Studies in
the icing research tunnel were primarily concerned with several methods
of ice protection for turbojet-engine inlets and an evaluation of the
effects of these methods on engine performance. ’

Three basic methods have been advanced for the icing pro’c.ection
of turbojet engines: - - S ) o

(1) Local heating of all surfaces subject to icing (:Elg. l) Sur-
face heating may be accomplished by (a) passing heated gases through
passages within the component walls, (v) internal or external electrical’
heating pade or films, and (c) electrical eddy currents induced by a
pulsating magnetic field in the elemen’cs to ‘be protected :

(2) Addition of heat to the entire mass of air passing through
the inlet (fig. 2), which raises the . inlet-air temperature a.'bove
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freezing. By injecting hot gas into the air stream at the inlet, the
engine and most components in the inlet duet are afforded iclng pro-
tection in one operation. .

(3) Inertia separation of supercooled water droplets out of the
engine-inlet air stream by speclal inlet and duct design (fig. 3). The
duct design consists of a slngle inlet opening followed by a mein duct
for nonicing operation and an alternate duct with sharply curved pas-
sages through which air, with a greatly reduced water content in an
icing condition, cen pass to the compressor inlet.

A summary based on the collective results of all NACA investige-
tions to date on turbojet-englne ice protection is presented herein.

EXPERIMENTAL TECHEHNIQUES
Icing dnvestigations of turbojet engines and inlets were conducted
&t the NACA Lewis laboratory in the followlng three phases:

Flight. - Two flight investigations of the effect of lecing on
turbojet engines were conducted, one using & centrifugsl-flow-type
engine and the other using an axisl-flow-type engine. In the first
flight Investigation (unpublished), a centrifugal-flow-type turbojet
engine with a statle-thrust rating of 1600 pounds at sea level and =a
double-entry inlet was installed in the waist compartment of a large
four-engine bamber-type aircraft (fig. 4). An air inlet for the
turbojet engine was installed on top of the fuselage and the exhsust
gases were expelled from the tail portion of the aircraft. The turbo-
Jet engine was instrumented. to provide data for determining specific
Tuel consumption, turbine-outlet temperatures, and eir flow. The inves-
tigation was conducted in flight under mild natursl icing conditions;
consequently, the liquld-water content of the air was augmented by
means of g battery of spray nozzles located shead of the engine ailr
sSCoop atop the fuselage. .

In the second flight investigetion (references 2 to 4), an axial-
Plow-type engine of approximately 3000-pound rated sea-level statie
thrust was studied. The engine was mounted below the wing of a large
four-engine bomber-type eircraft (fig. 5) and was instrumented to
determine the effects of icing on engine performasnce. - During the
investigetion, no compressor-inlet screen was used. Photographs of
engine lcing in £light were obtained with a camera so located that it
could be swung into position to obtain pictures of the engine inlets.
All investigations wlth this lnstsllation were conducted in natural
flight icing conditions. The aircraft was also provided with equipment
to evaluate the meteorological conditions prevailing throughout the

flights.
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Altitude wind tumnel, - An axial-flow-type engine simllar to that
used in the second flight investigation was mounted in a wing nacelle
in the test section of the altitude wind tunnel (reference 5). This
engine was fltted with an experimental hot-gas bleedback lce~protection
system, The engine was instrumented to provide data for evaluating the
performance of the engine and the hot-gas bleedback system In lcing
conditions, The investigations were conducted at various pressure
altitudes up to 20,000 feet in simulated-icing conditions using spray
nozzles.

Icing research tunnel. - Various ice-protection methods were eval-
uated in the 6- by S-foot test section of the icing research tunnel '
with scaled research mockups of turbojet-engine-inlet components.

Icing conditions with alr temperatures as low as -30° F were obtained at
air speeds up to 300 miles per hour and.pressure altitudes below 3500
feet. Cloud droplet sizes and liquid-water contents in the tunnel

were measured by the rotating-multicylinder method and were in the
range of natural icing conditions. All models were instrumented to
obtein pertinent pressure and temperature data.

ICING.CHARACTERISTICS OF
TURBOJET-ENGINE INSTALLATIONS
General Considerations

All surfaces- of a jet-engine installation that are exposed to
direct impingement of water droplets may require icing protection
(fig 1). The engine and inlet components that are subject to icing are
therefore inlet lips, accessory housing dome, islands and island
fairings, compressor-intet screen, inlet guide vanes, and compressor
blading. In addition, other surfaces may requlre icing protection, such
as duct-splitter plates, openings for boundasry-layer bleedoff and
accessory-cooling purposes, and curved inlet-duct walls subject to
impingement caused by water separation from the inlet ailr stream.

Meteorological factors. - The principal meteorclogical factors that
contribute to- ieing are liguid-water content, air temperature, and
droplet size. The rapidity with which ice builds up on the engine com-
ponents and the time required to render the engine inoperative depend
on the liguid-water content, The type of ice formation that occurs )
depends on the air tempersture and the droplet size. Generslly, the
jice formations may be separated into two categories: (1) double-peaked
glaze-ice formations in which the outer edges protrude laterally and
forward into the air stream (fig. 6), and (2) wedge-shaped rime-ice
formations, which bulld forward from the impingement area. Glaze icing

2118
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is usually associated with air temperatures near freezing end relatively
large droplet sizes. Rime ilcing is usually associated with low air
temperatures and small droplet sizes.

The known meteorological factors conducive to alrcraft icing ere
arranged in several classificetions in reference 6. The range of pos-
sible meteorological factors in each classification is discussed and
specific values are recommended for the analysis of the various air-
craft components.

Geometric and aserodynamic factors. - The paths of droplets are pri-
marily influenced by the flow fleld about & body and the relstive size
of the droplets and the body. Because the flow field is determined by
the shape of the body and the relative motion of the air stream, the
shape greatly affects the extent of icing. Also, as the size of the

" body decreases relative to that of the droplet, the local liecing rate

is increased.

Icing of a turbojet engine is therefore affected by the aerodynamic
characteristics of the engine installation. The number of water drop-
Jets entering the engine inlet is influenced by the inlet-velocity ratio
(ratio of inlet-air velocity to the free-stream velocity), as illus-
trated in figure 7. The droplets contained wilthin the 1limiting droplet
trajectories enter the inlet whereas all droplets. outside the limiting
trajectories either impinge on the inlet body or pass around it. When
the Inlet-velocity ratio is less than 1.0, the area contained within
the limiting droplet trajectories is greater than the area within the
lip stagnation streamlines; hence the liguid-water content in the inlet
is increased above that in the ambient air (fig. 7(a)). For an inlet-
veloclty ratio greater than 1.0, the area within the limiting trajec-
tories is less than the area within the stagnation streamiines; hence
the liquid-water content in the inlet 1s decreased below that in the
ambient air (fig. 7(b)). Because of the scooping effect and the diver-
gence of the streamlines when the inlet-velocity retio is less than 1.0,
leing on the inlet-duct walls may be expected.

The temperature-rise characteristics of each compressor stage and
the adiabatic temperature change caused by flight speed influence the
distance into the engine that ice formatione occur. Obviocusly, as the
temperature on the engine surfaces reaches a point above the freezing

level, no ice will form. !
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Typical Icing of Components

The icing tolerance of a turbojet engine is limited by the com-
ponent having the smallest and most closely spaced elements. A
compressor-inlet screen therefore constitutes the greatest icing hazard.
In the absence of the compressor-inlet screen, the inlet guide vanes
become the critical component. Examples of typilcal icing of turbojet-
engine components are described in the following sections.

Compressgor-inlet screen. - Icing of & circumferential compressor-
inlet screen obtained during the investigation reported in reference 7
is shown in figure 8(a). Because the water-collection efficiency of
the screen wires was extremely high and because they were closely
spaced, the screen was raepldly blocked with ice. The rapid blocking of
the screen will qulckly reduce the efficiency and the air flow cf an
engine to such a point that engine operation may not continue for a
sufficient length of time to start an ilcing-protectlion system.

Icing of a wire-mesh compresscor-inlet screen of the type commonly
used in centrifugal-type turbojet engines (LnPUblished data) is shown
in figure 8(b). The screen shown in figure 8(b) was located at the
forward entry to the compressor impeller. From the sbudy conducted,
the rear screen was found to be less susceptible to icing because of
its proximity to the warm portlons of the combustion-chamber adeptors.
The water conmbent in the air at the compressor-inlet screen was reduced
by deposition of ice on the duct walls and the structural members of

the engine. . ‘ -

Inlet guide vanes. = Icing on inlet gulde vanes occurs on the vane
leading edges and along the concave surfaces as far as the trailing
edges, as shown 1in figure 3. This photograph was “taken during an 1cing '
flight (reference 4) and illustrates a typical gﬂaze ice formation.

The ice formetions shown obstructed a large portion of the air passage
to the compressor, especially at the upper half of the compressor inlet.
The nature of the ice imn figure 9 indicates that ice has shed from some
of the vanes and islands. The shedding of ice formatlions is a complex
function of meteorclogical conditions, aerodynamic forces, and vibra-
tlonal characteristics of the engine instellation.

The extent of blockage of the compressor Inlet by guide-vane icing
is determined by the spacing of the vanes. Spacing of the guide vanes
somevhat closer than shown in figure 9 would apparently result in bridg-.
ing of ice between adjacent vanes, cccurring first near the root sec-
tions. Provision of as large a spacing as possible without impairing
the aserodynamic efficliency of the compressor is therefore desirable.
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Inlet lips, accessory housing, and islands. - Typlcal inlet-1lip,
accessory-housing, and island icing (reference 4} is also shown in fig-
ure 9. Double-peak ice formastions characteristic of glaze ice are shown
on the inlet lips and the accessory housing. Large ice formations on
the islands cause considerable blocking of the duct area with consequent
aerodynamic penalties. All these ice formations may constitute & poesi-
ble hazard to the engine if they shed into the compressor.

Compressor blading. - By careful scrutiny of figure 9, lce can be
distinguished on the roots of the £irst- and second-stage stator blades.
When this figure was taken, the engine was in operation; consequently
only the stator blades are shown because the camers used could not
"stop" the rotor blades. Stator-blade icing is similar to that of the
inlet guide vanes, although not as severe because the scraping action
of the rotor blades tends to limit the growth of the ice formations.

Rotor-blede icing has been observed but only at reduced engine
speeds. Whenever the rotor blades iced during low-engine-speed oper-
ation, and the speed was subsequently increased, the ice formations were
removed. ,

No instance of the icing of centrifugal-flow-type impelliers has
been reported to date, o _ . :

-EFFECT OF ICING OR
TURBOJET-ENGINE PERFORMANCE

As ice formations build up on an unprotected engine installation
during an icing condition, the pressure losses are increased and result
in a reduced total pressure at the compressor inlet. For an engine
opersting with a choked exhayst nozzle, the air £flow through the engine
is reduced and results in & reduction in thrust. For an engine operat-
ing with an unchoked exhaust nozzle, the loss ip total pressure results
in & decrease in mass flow, but is accompanied by an increase in tur-
bine temperature that partly offsets the loss in thrust caused by the
reduction in eir flow and engine-outlet total pressure. The tail-pipe
temperature, however, remains essentlielly constant and, consequently,
dependence on tail-pipe temperature rise as a means of indicating icing
is unreliable. ’

The pressure losses due to lcing cause an Increase in the specific
Puel consumption. :
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Pressure losges associated with icing. - The pressure losses caused

by ice in a direct-ram inlet (similar to that shown in fig. 3) used in

_ (Pl-PZ) (Pl-Pz)
reference 7 are shown in figure 10. These losses -

Qgcr /1 9scr
were caused by icing of the duct, the accessory housing, the islands,
and the screen. (The symbols used in this report are defined in the
appendix.) The most rapid losses during the initigl part of the lcing
period were caused by the glaze icing dbtalned at 20° F an & closely
spaced round-wire screen and amounted: to 1. 20 for & 4-minute icing
period. A streamllnedawire screen with double the spacing of the round-
wire screen did not apprecisbly reduce the pressure losses of the con- .
figuration. Additional studies of the same inlet configuration without

a screen indicated a pressure loss (Pl-P2> - <Pl Pz) in the order of
@ /i a4 Ju

0.18 for a S5-minute icing period at an asir temperature of 10° F. The

prressure losses shown in figure 10 therefore may be considered primerily

caused by screen icing. The pressure loss sfter 3 minutes of lcing may

result in a thrust loss as high as 30 percent. .

The pressure losses caused by compressor-inlet-screen icing are
prchibitive, and therefore retraction of the screen is desirable. If
the screen is retracted, the inlet-guide-vane icing constitutes the
principal source of pressure loss in an engine installation.

Pressure losses across an inlet-guide-vane cascade in lcing condi-

Ps-P

tions are reported in reference 8. The pressure loss ( z 3)1 as a
2

function of icing time is shown in figure 11 for various combinations of
icing conditions shead of the vanes. Prlor to lcing, vane pressure
losses from 0.04 to 0.08 were cbtained, whereas after 3 minutes in icing
conditions the pressure losses mounted as high as 0.54 or a thrust loss
of approximately 15 percent for a large Jet engine. The most serious
conditions were encountered at an inlet-air tatal temperature of 22° F
and a water content of 0.9 gram per cubic meter. The severe losses at
this tempereture resulted from the characteristic glaze—ice formation
shown in figure 12(a). Heavy ice formations accreted both on the vane
leading edges and on the trailing-edge portion of the concave surfaces.
Typical rime lcing at an ailr temperature of 0° F is shown in fig-
ure 12(b). The pressure losses resulting from this type of ice forma-
tion (air total tempersture, 0° F) were considerably less than from
glaze icing (eir total temperature, 22° F), as shown in figure 11.

Effect of icing on axial-flow-type turbojet-engine performence. -
The results of studles of icing effects on axlel-flow-type engine
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performance are shown in figures 13 4o 15. In natural £light icing con-
ditions (fig. 13) with an axial-flow-type engine operating at 92 percent
of rated engine speed, the engine thrust loss was 26 percent with an
attendant 160° F tall-pipe-temperature rise after an effective duration
of approximstely 30 minutes in icing (reference 4). During the time
shown by the dotted portion of the curve, the icing was too intermittent
and light for reliable measurements and the engine was stopped to con--
serve fuel. A photograph of the engine ice formastions that caused the
26-percent loss in thrust is shown in figure 14. The compressor inlet
is considerably blocked by large ice formatlons shed from the islands.
In addition, ice can be plainly seen on the inlet guide vanes. The
increase in thrust near the end of the run was caused by the breakup
and subsequent passing through the engine of some of the large ice
formations on the islands. Date presented in reference 4 indicate that
the initial rate of thrust loss may be as high as. 14 percent within

3% minutes of encountering an icing condition of moderate severity.

After an initisel repid thrust loss, the rate at which the thrust is
decreased may be reduced if the ice formations become dislodged or
break off.

The effect of pressure losses in an icing condition on specific
fuel consumption and thrust is shown in figure 15 as a function of
engine-air-flow reduction (reference 5). The data indicate that the
percentage thrust loss and the percentage increase in specific fuel
consumption as functions of air flow are substantially independent of
engine speed and altitude. Figure 15 indicates that for an air-flow
reduction of 18 percent, the thrust was decreased by 20 percent and the
specific fuel consumption was increased by 31 percent. The turbojet
engine used in reference 5 was rendered inoperative when the air flow
was reduced by 28 percent.

Effect of icing on cenirifugal-flow-type turbojet-engine per-
formance. - Representative performence values of the changes in tail-
plpe temperature, thrust, and specific fuel consumption for s centrifu-
gal-flow-type turbojet engine (unpublished data)} are shown in figure 16
as a function of time in an icing condition. At the end of the investi-
gation, the tail-pipe temperature had increased 90° F and the thrust was
reduced 10 .percent. The specific fuel consumption was alsc increased
by sbout 9 percent. For these performance changes, the front-entry
scréen was about 60 percent blocked with ice (fig. 8(b)). Because the
rear-entry inlet-air temperature was 33¢ F, no ice formed on the rear
screen. More serious performance losses can be expected at a lower
inlet-air temperature, when both screens are subject to icing.
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Damage caused by ice. - Shedding of large lce formations from com-
ponents shead of the.compressor lnlet when no compressor-linlet screen is
used may cause engine blow-out and structural dsmege. An indication of
the quantity of ice that may be shed from the inlet and the engine com-
ponents and subsequently swallowed by the compressor im shown in fig-
ure 17 (reference 4). A photograph of the ice formations 1 minute
before shedding occurred is shown in figure 17(a); figure 17(b) was
taken 1 minute after the shedding of the ice formations. This sudden
intake of ilce caused a momentary drop of ebout 1000 rpm in engine speed.
Inspection after shutdown showed no damsge to. the engine.

Ice shedding from inlet lips; accessory housing, and islands gen-
eraily shatters Into small pieces and passes harmlessly through the
engine. Damage may occur 1f a large plece of ice lodges in the space
between a rotor- and. stator-blade stage or if a large plece strikes a .
rotor blade and deflects it into the guide vanes or stator blades.
Wider inlet-guide-vane spacing permits passage of large ice pileces
into the compressor and thereby increases the possibility of damage to
the engilne. .

Freezing of water in the compressor during outside parking or
storage of gn alrcraft may result in damage 1f an attempt is made to
start the engine before de-icing the compressor blading.

No damage resulting from icing of centrifugal flOWhtype turbojet
engines has been reported to date. '

ICING-PROTECTION METHODS

Three basic methods of protecting a turbojet engine against iclng
have been evaluated and are summarized in the following sections. The
methods are (1) heating of surfaces subject to icing, (2) heating of
the inlet air stream by the injection of hot gases into the inlet alr,
and (3) inertis separation of water droplets from the inlet air.

SURFACE HEATING

Genersl Considerations
The protection of turbojet-englne 1nstallations bj local heating
of the surfaces subjeect to lcing is similar tc the problem of airfoil
ice protection. Icing protection may be accomplished by continuous
heating of the surfaces to a temperature sufficient to prevent ice, or
by cyclical de-icing in which ice is permitted to form on the surfaces
and then removed periodically by & short intense applicatlon of heat.

2118
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In continuous heating, the surfaces are either raised to a temper-
ature Just sufficient to maintain the impinging water in a liquid state
over the entire wetted surface, or are supplied sufficient heat to
evaporaete the impinging water in a specified distané¢e behind the
impingement area while the remsining surface is unhested. The highest
local heating rates are required if the water is to be completely
eveporated. The minimm total heat requirement for complete icing
protection may be obtalned either by eveporation of all the impinged
water or by maintaining the water in s liquid state, depending on the
extent of impingement. For example, the minimm heat regquirement for an
accessory housing mey be cobtained by evaporation of all the impinged.
water in a region near the nose, whereas for inlet gulde vanes, sub-
Jject to impingement over the greater portion of the surface, the mini-
mam hga‘t requirement :Ls o'bta.:.ned. by main'baining the entire surface
at 32¥ F.

In cyclical de-lcing, a water £ilm between the component surface
and the ice, caused by heat application, permits removal of the ice by
serodynamic forces. Only a few components are hested during the rela-
tively short, Intense heating periods, the rest being allowed to ice.
Because the components are hested successively, proper grouping of the
components permits the shifting of heat from one group to snother and
thereby maintains a constant heat load. The total heat dirnput for cyecli-
cal de-icing is greatly reduced from that reguired for continuous heat-
ing. The icing time for the components is limited by the amount of ice
that can be tolerated without seriously affecting engine performance
and that does not damage the engine. _

Calculations of the anti-icing heat requirement for icing protec-
tion of inlet components are difficult because the solutions are
involved and are affected greatly by the assumptions that must be made -
where an adequate theory and experimental dats are lacking. The general
method of determining the heat requirements for surfaces su'bJect to
icing is discussed in Jdetail in references 9 and 10.

The principal factors that affect the heat requirements for anti-
icing are surface and alr tempersbures, gir velocity, water-interception
rate, pressure altitude, and geometric shape of the body. The local
heat requirements Increase with increasing surface temperature, air
velocity, and water interception; decrease wilth increasing air tempera-
ture; and are little affected by chenges in pressure altitude. More
detalled information pertaining to heat-transfer coefficients and
droplet impingement mey e fou.nd. in the references given in the follow-
ing table: . .
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Subject ' References

Dry-elr convectlve heat-transfer coefficient

Bodies of revolution Co 11, 1z

Airfoils : 13, 14, 15, 16, 17
Cylinders and flat plates S e 13, 14, 15, 16
Spheres : 18

Pipe flow and tube entrances 18, 19, 20, 21

Droplet impingement

Airfoils 22, 23, 24
Cylinders, ribbons, and spheres _ 25

By resolving a component into fundeamental shapes of proper sizes, an
approximate theoretical solution may be effected. The accessory hous-
ing, for example, may be treated as a sphere followed by a body of
revolution. Furthermore, other approximations and assumptions must be
made depending on the specific conditions involved. namely, the type of
boundaxry-layer flow and the location of transition, the wetness of the
surface, and the 1imit of drcplet impingement. These problems are dis~
cussed sufficiently in the references cited to permit an approximation
of anti-icing heat requirements for most surfaces with a known velocity
distribution. - - -

For many surfaces, especially small components, the necessary heat
is often very difficult to supply to the leading and trailing edges
because of structural factors. In most installations a considersble
smount of heat is wasted because of the practical inabllity to obtain
the theoretically required surface temperature for an optimum heat dis-
tribution. The heating requirements for an Installation therefore
depend on the means by which the heat les distributed.

The practical difficulties and high heating densities involved in
heating the compressor-inlet screen are quite formideble; therefore for
all-weather aircraft the screens should either be removed or made
retractable. In the absence of screens, the Inlet guide vanes become
the critical components -in regard to licing. The remaining inlet campo-
nente subject to. icing are the islends and island falringe, the acces-
sory housing, the inlet ducting, and the inlet lips. These components
can generally withstand long periods of exposure to icing without pro-
hibitive aerodynamic losses; these components, however, should be pro-
tected for all-weather aircraft.

| 8TT2
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Experimental NACA investigations of turbojet-engine surfece heat-
ing to date have been confined to the inlet guide vanes with the anti-
icing heat requirements evaluated for three types of heating: gas-
heating with hollow vanes, electrical heating by resistance elements,
and heating by eddy-current generation. These investigetions will be
discussed in subsequent sections.

Heating Requirements for Inlet Guide Vanes

The heating requirements for icing protection of inlet guide vanes
by hot gas and electrical means are reported in references 8 and 26,
respectively. The investigations were made with & two-dimensional vane
cascade in a short rectangulaer duct mounted in the icing research tunnel
(fig. 18). Although all the vanes were heated, only the center vane was
instrumented to obtain heat-transfer data. The vanes were of approxi- .
mately 6-inch span,_zg-inch chord, and 3-inch spacing. Thermocouples
used to obtain chordwise temperature distributions on the vane surface

were located at the midspan position.

Gas heating of vanes. - For the studies in reference 8, the center
vane was heated. by passing hot gas through internasl passeges. Three
vane models were investlgated, differing only in internal gas-passage
construction. Cross sections of the three vanes, hereinafter designated
vanes 1, 2, and 3, and the location of surface-temperature instrumenta-

tion ere shown in Figure 19.

Investigations of gas-heated airfoill shapes (references 10 and 17)
showed that large quantities of heat were wasted near the center-chord
portions of the shapes and that the leading and trailing edges were at
the lowest temperature. Furthermore, the icing characteristics of the
inlet guide vanes shown in figure 12 indicsted that the largest amount
of icing occurs in these regions'. By the addition of fins and inserts
in the internal passages (fig. 19, vanes 2 and 3}, the internal heat
distrib?tion may be Improved and the gas flow may be reduced (refer-
ence 17).

A comparison of the local heat-transfer rates through the vanes,
as indicated by the surface-temperature rise above the datum tempersture,
was obtained in dry air for constant values of alr velocity shead of the
vanes, gas flow, and gas temperature (fig. 20). The datum temperature
is the temperature of an unheated, nonconducting surface immersed in a
moving fluid, and is also known as kinetic temperature, adiabatic wall
(surface) temperature, surface datum temperature, datum air temperature,
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and effective (gas) temperature. In figure 20, the comparison of heat
transfer through the three vanes at midspan shows that the two modified
vanes transferred considerably more heat than the fully hollow vane,
especially at the leading and trailing edges, which are the critical
points in guide-vane anti-icing. Vane 2 transferred the most heat at
the leading edge, but was inferior to vane 3 at the trailing edge. In
addition, vane 2 dissipated excessive heat slong the convex surface.
Although the optimum vane configuration 1s not represented by these
vanes, the results polant the way toward the achievement of en efficient

gas-heated wvane.

_ Because hest 1s transferred from the vane surfaces, the temperature
of the hot gas decreases as it passee through the vane. The heat re-
quired for icing protection 1s therefore established hy the minimum heat

content of the gas at the vane exit. In the studies reported in refer---

ence 8, only midspans of the vanes were instrumented to cbtain chordwise
heat-transfer rates; consequently, in order to determine the minimum
heat content for iecing protection, ice was permitted to form on the
vanes only from the midspan to the vane exit. The data obtalned at the
midspan can thus be c¢onsidered to represent the minimum heat require-
ments at any spanwlse station. A comperison of the minimum heat content
required for ice protection for the three vanes investigated is shown in
figure 21 as & function of datum temperature. The data shown were ob-
tained st two air velocities and constant values of gas flow and liquid-
water content. The vanes with fins and inserts required from 40 to -
50 percéent less heat than the fully hollow vane, with vane 3 requlrlng
less heat than vane 2. '

For a given veane-passage configuration, the internsl-hest-transfer
coefficlent is a function of gas flow and gas “temperature (reference 17)
When gas is bled from a turbojet englne, a minimum quaptity of bleed is’
desirsble; consequently, a high gas temperature should be used. The
gag-flow requirements, expressed as a perpentage of the inlet-air flow,
for ice protection of the vanes investigated are shown in figure 22 as
a function of the Inlet-vane gas temperature. The gas-flow require-

ments of figure 22 were calculated for a minimum surface temperature of

320 F at the trailing edge of the vane-outlet station. At a 5000 F
inlet-gas temperature, the gas-flow requirements were less than half of
those at & 300° F inlet-gas temperature. The requirements for vene 3
ranged from approximately 40 to 60 percent of those for vane 1.

The effects on engine performsnce resultlng from the bleeding of
either compressor or turbine air for gas heating of vanes may be calcu-
lated by the method of reference 27. For the small quantitiles of gas
required to anti-ice the gulde vanes (approximately 0.5 percent of the
engine air flow, fig. 22), the engine thrust loss'ﬁill be approximately
1l percent in severe icling conditions. :

2118
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Reduced heat requirements for ice protection with a cyclical
method of gas heating should be obtainable for guide vanes of the type
investigated. The small internal heating passages produce high heat-
transfer coefficients and rapid heating and cooling rates st the exposed
surfaces. With short, well-insulated approach ducts the inlet giide
vanes should therefore de-ice wilth short heat-on times.

Continuous electrical heating of vanes. - The use of electrical
heating of inlet guide vanes permits an approach to the optimum heat
distribution for ice prevention by sllowing a close control of the loeal
heat input; consequently only small amounts of heat are wasted.

In the investigation reported in reference 26, the center vane
contained Nichrome heating wires with separate circults for independent
chordwise control of the electrical power input as shown in figure 23.
Heating elements of the type used could not be located closer to the
trailing edge than indicated because of the thinmess of the aluminuh.
vane metal. Typical surface-temperature distributions along the vane
surfeces with continuocus heating are shown in figure 24 for two datum
temperatures. The Increase in average surface temperature with decreas-
ing datum tempersture resulted from the overheating of the vane neces--
sary to maintain the leading and trailing edges at 32° F. The over-
heating of the vane was caused by the insbility to locate hesting ele-
ments beyond the regions shown in figure 23. The trailing edge in
particular acted as a fin and constituted a -heat sink for the last heat-

‘ing element.

The minimum avérage power density for lce protection with contin-
uous heating of the vanes is shown in figure 25 as g function of datum
temperature. The values of power density shown in tThis figure were
obtained by selectively adjusting the power input to the four heating
elements for a given icing condition until the minimum power for ice
prevention was obtained. For a current engine with 28 vanes of the
type investigated, icing protection at an smbient-air temperature of
-11° F and a compressor-inlet velocity of 400 feet per second could be
obtained with a total power input of 7.8 kilowatts. Analysis of the
experimental data indicetes that the power requirements shown in fig-
ure 25 cdould be reduced approximately 25 percent 1f a uniform surface
temperature of 32° F could be obtained with a suitable heater arrange-
ment. Estimates of the heating requirements for vanes and icing con- -
ditiéns other than those investigated may be made by proper use of the
wet-air method of enalysis, as presented in reference 26.

The effects on engine performance resulting from shaft-power extrac-
tion from an engine for electricel heating of inlet guide vanes ar= neg-
ligible and may be calculated by the method of reference 28; however,
the weight penalty of the generating equipment is appreciable.
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Cyclical electric de-icing of vanes. - The power requirements for
ice protection of inlet guide vaenes and consequently the weight of the
generating equipment can be reduced by cyclical de-icing. The total
energy or power required to achieve cyeclical de-icing can be shown to
decrease with shorter heating pericds; that 1s, short intervals of
high-power application are more economical than longer intervals with a
low-power application. The establishment of a heating cycle depends
also on the rate of ice accretion and the resulting pressure losses. A
long icing (heat-off) period is most desirable; however, it can be seen
from figure 11 that large losses occurred at the higher air temperature
and water content and for icing pericds greater than 1 minute. It
therefore appears that relatively short heat-off periods in the order
of 60 seconds are required for cyclical de-icing of vanes.

With a cyclical de-icing system, the vane surface temperature is
raised to approximately 32° F during the heat-on period. As stated pre-
viously, the lowest total-power reguirements are attained with a high
ingtantaneous power input, which results in a matimm temperature-rise
rate. Typical vane-surface-temperature variastions with time for heat-
on periocds of 10, 20, and 30 seconde are shown in figure 26 for the
leading and trailing edges. Ice was shed at the end of each heat-on
period or when the surface temperature reached 32° F. For the 30-second
heat-on period, the trailing edge was somewhat overheated and ice
removal occurred after only 12 seconds (fig. 26).

The variation of the sverage instantaneous power density required
for vane cyclical de-icing is shown in figure 27 as a function of the
datum tempersture for 10-, 20-, and 30-second heat-on periocds, and heat-
off periods of 6Q to 120 seconds. The average Iinstantanecus power den-
sity was higher for the 10-second heat-on period than for both of the
other two periods, for which the power densities are approximately the
same. Because for a given area the total energy can be expressed in
terms of the product of the average instentaneous power density and the
heat-on time, the total energy wae least for the 10-second heat-on
period. Limited data indicate that air speed did not greatly affect

the power required for lce removal as shown by the 10-second date points.

for 240 and 390 feet per second (fig. 27). Negligible differences in
power requirements were cobserved for an increase In the hest-off period
from 60 to 120 seconds for the same heat-an periocds.

The results of reference 26 indicate that with cyclical de-icing
of inlet gulde vanes total-powe: -input savings as high as 79 percent for
a current engine may be achieved as compared with continucus heating;
consequently, large generstor-weight savings can be realized. The shed-
ding of such ice as may bulld up on the vanes during the heat-off periocd
of 60 seconds is not believed tc be a hazard to the compressors of cur-
rent engines. .

2118 -



NACA RM E51B12 . R 17

Eddy-current heating of vanes. - Another system ubtilizing elec-
trical power for ice prevention on inlet guide vanes (reference 29) is
the use of eddy currents to heat axial-flow inlet guide vanes and com-
pressor blades. The principle of eddy-current heating requires a ferro-
magnetic flux path and a means of rapidly varying the flux in the ele-
ments to be heated. The application of this principle to inlet guide
vanes is illustrated by the schematic disgram in figure 28. The mag-
netic flux is supplied by the stationary dlrect-current coil from which
the flux travels 1n a ferromagnetic circuit consisting of the islands,
shell, inlet guide vanes, and a chopping mechanism in the rotor. The
chopper (fig. 28) provides a varying air gap that causes a flux change
and results in the creation of eddy currents and heat. The teeth in
the chopper should be of such a length that as one blade is leaving a
tooth another blade is taking 1ts place in the magnetic circuit. In
thls manner, the only parts of the magnetic circuit that are experi-
encing a flux change are the bleding end the immediately adjacent parts.
A constent flux is thus maintained in the rest of the magnetic circuit
and a constant flux always links the coil. An alternating current masy
be used in place of the flux-chopping mechanism; however, this system
would heat 811 parts through which the current pesses.

In a geneiral spplication of eddy-current heating where more than
one set of blades 1ls protected, the chopper may be either in the rotor
or the stator but the blades 10 be heated must pass over the teeth of
the chopper. A chopper must thérefore be provided for each row of
blades to be protected. o

The electrical power redquired for magnetization of the direct-
current coll is in the order of 0.002 percent of the turbine power out-
put. In addition, the shaft power extracted for the generation of eddy
currents to produce the heat required for ice protection of the guide
vanes 1s small and for the proposed design in reference 29 is 0.2 per-
cent of the turbine power output. The total load would cause a thrust
loss in The order of 0.5 percent. Difficulties that may be expected
through the use of an eddy-current heating system includes weight
increases necessitated by the use of ferrous blading, coils, and chop-
ping mechanisms. In addition,; the complexity of the electrical equip-

" ment required necessitates considerable design change in the construc-
tion of the rotor and the housing of turbojet engines.

HOT-GAS-BLEEDBACK SYSTEM

Another approach to the problem of turbojet-engine-inlet icing
protection is the heating of all the inlet air and the entrained water
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to. & temperature above freezing. Initisl studies indicated that suffi-
ciént amounts of gas can be bled from the engine to raise the inlet- '
air temperature sbove freezing and still permit engine operation, but
with a reduction in thrust. The gas must be added to the inlet air in
a manner that provides good heat distribution at the components to be
protected. The greatest economy in the use of the heat provided by the
bleedback gas is realized when the temperature of the inlet air after
heating is uniform throughout the air stream.

Because the operationsl time in icing for any engine is small com-
pared with its total life, the engine should not be penallzed by the
de-icing system during normal operation. A system of heat addition that
has no inlet pressure losses during normal operation is therefore
required. The use of high-velocity heated-ailr Jets directed normal to
the inlet air stream was investigated (reference 30) as a means of
obtalning good heat distribution with no resultant penalties during nor-
mel operation. These studies showed that adequate penetration and good
mixing could be obtained at high jet totzl pressures.

Concurrently, an exploratory investigation using an axial-flow
turbolet engine was made in the NACA Lewis altitude wind tunnel teo
determine the over=all practicability of the hot-gas-bleedback system
(reference 5). The results of this investigation showed that the sys-
tem was not only practical but that 1t could be used with minor modifi-
cations to the engine and the nacelle. It was found that the size and
the location of the arifices for injecting the hot gases were of primary
importance. Good icing protection could be obtained only if the orifices
were large enough tc provide adequate penetrafion ‘and 1f a sufficlent
number of orifices was provided for good temperature distribution at the
engine inlet.

In order to provide a rational basis for determining the size and
the location of the injection orifices, a systematic study was under-
taken with three types of representative turbojet-engine inlet. The
inlets investigeted were two-thirds full scale and comprised an offset
inlet (reference 31), a long straight inlet (reference 32), and a short
straight inlet (reference 33). The models investigated were designed
for a maximum mass flow of 32 pounds per second, corresponding to the
rated flow through a full-scale axial-flow-type engine of 4000-pound
gstatic thrust at sea level.

The instrumentation used in the long-stralight-inlet luvestigation
(reference 32) is shown in figure 29 and is typical of that used in the
other inlet investigations. Measurements were made of the mass flow,
ram-pressure recovery, temperature distribution at the simulated engine
inlet, and pressure drop across the screen. The surface temperature in

2118 ¥,
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the inlet duct and on the accessory housing was measured as well as
nacelle-1ip pressure and temperature distribution. A.l/4-inch—mesh,
0.050-inch~diameter wire screen was mounted in the models to simulate
a protective compressor-inlet screen and to provide a means of indicat-

ing icing. _

As a result of these investigetions, a design procedure has been
evolved from which®the heat requirements can be determined and e sgtis-
factory orifice configuration obtained (reference 32).

Heating requirements. - The results of references 31 to 33 show
that the heat requirements for sdequate icing protection are based on
ralsing the total temperature of the inlet air and the entrained water
to a temperature sufficiently high that the minimim surface temperature
on the engine components is maintsined above the freezing level. Gen-
erally, the lowest surface temperature is obtained at the point of high-
est velocity. Consideration must, however, be given to temperature dis-
tribution in the inlet air after mixing in order to determine the
critical iclng region.

A study of the temperature distributions at the simulated engine
inlets of references 31 and 32 (long inlets) showed that for a well-
designed orifice configuration the ratlo of the minimum temperature
rise to the average temperature rise was approxlmately 0.8. This ratio
is defined as the mixing efficiency. For the short, straight inlet of
reference 33, the best design gave a nmixing efficiency of approximately
0.75 because the shorter duct lengbth did not permit as good mixing.

Calculation of bleedback as function of gas temperature. - In the
determination of the bleedback quantity, temperature rise required for
protection must be estimated. This estimatlion may be made by determin-
ing the loss in temperature recovery At at the surface for the point
of maximum velocity in the duct. The loss in temperature recovery is
then added to the difference between the stream total temperature and
the freezing level (32° F). In order to allow for imperfect mixing,
this value 1is then divided by the mixing efficiency, which results in an
over-all temperature rise AT. This value is then utilized in the fol-
lowing approximate heat-balance equation:

cp,& Vg [Tg - (To + AT)] = cp (W - Wg)(aT) +
ol (Wg - Wg) + cp,w (Wg + m)(AT)(Wg - Wg) (1)

from which the bleedback may be expressed as
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(aT) + mh 4 ocp (W, + m)(aT) -
" C°p,g. ETg - (To*ﬁTﬂ + cp (AT) + L + ep,y (Wgtm) (AT) (2)

Sﬂhf

g =

In order to compare the results calculated by this method with the
experimental results given in reference 32, two curves of bleedback as
a function of injection gas temperature have been calculated for the
maximm and minimum conditions lnvestigated. These curves are shown in
figure 30 together with the experimental data. These data represent a
condition of marginal icing as defined in reference 31. Agreement
between the calculated and experimental values 1& satisfactory.

Orifice configuration and temperature distribution. - The method
of determining a satisfactory orifice configuration is given in refer-
ence 32. The method.should be modified to utilize the orifice-flow-
coefficlent data given in reference 34 and the more comprehensive jet-
penetration data given in reference 35. In general, the following
procedure is used to determine an orifice configuration:

The actual weight flow through the engine st a temperature corres-
ponding to the tobtal temperature required for icing protection is f£irst
determined. The requlred hot-gas flow 1s then the product of the bleed-
back (see equation (2)) and the actual weight flow. The total jet area
required for passage of the hot gas at the temperature and the pressure
available may then be calculated if the flow coefficient is known. An
average value of the coefficient must be estimeted from the results of
reference 34 because the individusl Jjet diameters are as yet unknown.
After the required jet area is determined, the trial orifice configur-
ations can be laid out by using the penetration curves of reference 35
and. the method of reference 32.

The orifice configuration designed for the long straight Inlet
(reference 32), shown in figure 31, resulted in a satisfactory tempera—
ture distribution at the design value of bleedbeck. The anelysis and
results of reference 32 show that the tempersture distribution obtalned
at the deslign bleedback value was independent of gas temperature and
welght flow through the engine. Operation at bleedback other than the
design value resulted in poor temperature distributions at the simulated
engine inlet (see fig. 8§, reference 32). The results of references 3l
to 33 show that the temperature distrlbution.was almost unaffected by
angles of attack as high as 8°. _ )

Pressure losses assoclsted with bleedback system. - The pressure
loss associated with bleedback is caused by the addition of both heat
and mass to the inlet slr stream. Because the jets were directed per-
pendicularly to the air stream, no additive momentum component to the

¥LlY
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mein flow was contributed that added to the pressure recovery. The loss
in total pressure caused by mass and heat addition can be easily calcu-
lated provided that a constant-erea duct is assumed. The following
equation may be used if compressibility effects are negligible:

1 - P2 = w1 |(135) oo ®

A comparison of the pressure recoveries calculated by eguation (5) with
the experimental data of reference 32 is shown In figure 32, wherein the
pressure recovery is plotted as a function of the bleedback for an
injection gas temperature of 1000° F. The maximum pressure recovery
obtainable with no bleedback was 0.95. The theoretical values were cor-
rected to the maximum ram-pressure recovery with no bleedback. The cal-
culated curve is in good agreement with the experimental deta although
lying slightly below 1t. This deviation was caused, in part, by the
divergence of the duct aft of the Jet location and a consequent reduc-
tion in the air-stream dynamic pressure that results in decreased pres-
sure losses. e — S : ' -

. Effect of bleedback on engine performance. - The engine-inlet total
pressure and tobtal temperature and the bleedback can be calculated by
the methods previously given. These values can then be used to deter-
mine the engine performsnce from the charts of reference 27. The best
temperature distribution and consequently the best icing protection are
obtained at the design bleedback value. Economical engine operstion
requlres that the engline inlet-air temperature be held nesrly constant
and at a value slightly above the freezing level, which can be accom-
plished only by controlling the temperature of the Injection gas. A
possible means of control is by mixing turbine-iniet and compressor- _
outlet air. Anocther method would be to heat the compressor-outlet air
by passing it through a combustor or heat exchanger.

The effect on engine thrust of operation at the design bleedback
value and at an engine-inlet-air temperature slightly above freezing is
shown in Pigure 33 as a function of alr-stream static temperature.
These data were calculaeted by the method of. reference 27 for an engine
operating at rated engine speed and turbine-inlet temperature. The
assumed sea-level rated engine characteristics were a thrust of 4000
pounds and an engine air flow of 70 pounds per second. The nacelle aresa
at the section where the hot gases were introduced was assumed as 2.045
square feet and the mixing efflciency as 0.8. The thrust loss is seen
to decrease linearly with lncreasing alr-stream statlic temperature and
icing protection at 0° F to result in & thrust loss of 15 percent.
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The foregoing discussion indicates that the hot-gas bleedback sys-
tem can provide asdequate icing protection under severe icing conditions
with moderate engine-performence penalities that can be readily predicted.

INERTIA-SEPARATION INLETS
Alternate-Duct System

A system has been developed by which cloud water droplets are
separated out of the alr stream by utllizing the inertia difference
between the air and the cloud water droplets to deviate the droplets
from the air streamlines. Because of the small inertia of cloud water
droplets, sharp air-stream curvatures and high air veloclties are
required to separate these droplets. As a consedquence, large duct pres-
sure losses are encountered if the smallest droplets are to be separated.
Inaesmuch as large duct losses cannot be tolerated for satisfactory
turbojet-engine operation, some frachtion of the smaller cloud droplets
in the range of 5 ta 20 microns in diameter cannot be eliminated by a
practical inlet; consequently, air with a reduced number of droplets
is passed intc the compressor. The water separated out of the air
stream is allowed to.collect harmlessly in specific sections of the
inlet. The ice protection afforded an engine 1s therefcre s compromise
between the pressure losses inherent in an Inertia-separation iniet and
those resulting from icing caused by the unseparated water.

An inlet designed to eliminate a large percentage of the water
droplets from the air by momentum separation_(references 7 and 36) 1is
shown in figure 34 and consiste of a single-inlet nacelle, a main duct
with compressor-inlet screen, and an alternate duct with sharply curved
passages. When an icing condition is encountered, the screen in the
main duct becomes rapidly blocked with ice and the ailr stream then
shifts to the alternate duct. The droplets that deviate out of the air
stream at the entrance to the alternate duct impinge harmlessly in the
"trap" formed by the ice-blocked main-duct screen, the accessory hous-
ing, and the duct-splitter ring. In an iced condition, the main-duct
screen forms a wall of the alternate duct from the duct-splitter ring
to the compressor inlet.

The aerocdynsmic and weter-geparation results obtained with several
inertia~separation inlets are summarilzed as follows:

(1) Large pressure losses in the main duct were caused by the
presence of the slternate duct opening for conditions of high air
velocities in the duct (reference 7). These losses could be minimized
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and made to approach conventional direct-ram inlel losses by designing
the inlet to operate at relatively low air velocities. Effects of a
change in engle of attack on the aerodynamic characterlstics of the
inlets were negligible.

(2) A1l the inlets investigated in references 7 and 36 were umnsat-
isfactory with respect to the quantity of mass flow that could be passed
through the alternate duct. It is estimated that for current engines
a nacelle 10 to 15 percent larger in dismeter must be used for an
inertia=separation Inlet than for a comparsble direct-ram inlet. This
requirement is necessary to insure an alternate duct of sufficient size
to pass the required mass flow while providing a high degree of water
separation by utilizing a sm=ll alternate-duct inlet opening. It is
spparent from reference 7 that, had mass-flow values representative of
current engines been obtained, the thrust losses caused by pressure
losses would have been prohlbitive.

(3) The degree of water separstion was a Ffunction of the alternate-
duct-inlet gap, radial offset of the duct-splitier ring with respect to
the inlet, curvature of the duct passages, and duct-alr velocities
(references 7 and 38). The greater the radiel offset and the smaller
the inlet gap, the higher is the degree of water separation. The pres-
sure losses and the mess flow through the duct, however, must also be
considered, and it 1s these factors that will principally influence a
compromise design between aerodynsmic performance and good water
separstion. T

(4) The decrease in mass flow and the increased pressure losses
with time for inertia-separation inlets In lcing conditions presented
in reference 7 were caused prilncipally by severe ice formations in the
alternste-duct elbow. Consequently, these surfaces must be protected
in order to permit continued engine operation for long icing encounters.
Ice formatlons on other components will in time cause reductions in mass
flow and pressure in the inlet. All major camponents must therefore be
protected to insure safe operation of an engine in icing conditions.

Submerged-Inlet System

An investigation (reference 37) was made to determine the degree of
water separation that can be accomplished by use of annular submerged
inlets (fig. 35). The results of the investigation indicate that these
inlets were partly successful in separating water droplets from the air
stream. Unless extremely high inlet-velocity ratios and small inlet
gaps were used, the inlets admitted moderate guantities of water. The
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use of such smell geps and high velocities restricts the mass flow
through the inlet and causes large pressure losses.

Other investigations of submerged-type inlets used in conjunction
with fuel-cell vents are reported in reference 38. A typical vent.
installation using a submerged-type inlet moumted in the underside of
a wing is shown in figure 36(a). Icing was observed on 8ll surfaces of
the inlet, namely, the ramp, the diverging sidewalls, and the inlet 1lip
as shown in f£igure 36(b), and alsc on the wing surfece ahead of the
inlet. Although the air flow through the inlet (vent tubes) was quite
low, the pressure losses assoclated with these lice formations (especial
1y those on the surface ahead of the inlet) were found to be very high.
Severe aerodynemic penalties cen consequently be anticipated for engine
installations requiring large quantities of air flow. Icing protection
is therefore required for submerged-inlet components. -

SUMMARY OF RESULTS

From wind-tunnel investigations of several methods of ice protec-
tion for turbojet-engine components, the followlng results are cilted:

Surface Beatding -~~~ -~ -+ - -

l. Economical surface heating wes accomplished by the use of hot
gas or electrical meanss

2. The use of f£ins and inserts in the internal passages of gas-
heated gulde vanes decreased the gas flow requlred for icing protection
by as much as 50 percent. Icing protectlon for inlet gulide vanes with
internal inserts was achleved with approximately 0.5 percent of the )
engine air flow and an attendant (calculated) thrust loss of approxi-
mately 1 percent. Fins and inserts will also decrease the gas-flow
requirements for the remaining engine components.

3. Icing protection for vanes by the use of continuous electiriecsl
heating was shown to be feasible. For an engine essumed to have 28
venes of the type investigated, icing protection at an ambient-alr tem-
perature of -11° F and a compressor-inlet alr velocity of 400 feet per
second was obtained with 7.8 kilowatta (average heating intensity of
9 watts/sq in.).

4. The use of cyclical de-icing of vanes permitted a reduction in
the total electrlcal power of 79 percent as compared with continous
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heating. Cycle periods in the order of 10 seconds heat-on and 60 séec-

onds heat*off appeared to give the best over-all performsnce. Cyclical
de-icing of the other engine components (whenever possible) reduces the
total electrie-power losd and consequently generating-equipment weight.

S. Although icing protection of inlet guide vanes and compressor
blading appeared possible by eddy-current generation, considerable
structural change is necessary to incorporate the system into turbo-

Jjet engines.

Hot-Gas Bleedback

1. A method for obtaining a satisfactory orifice configuration for
hot-gas-bleedback icing protection was developed and resulted in good
temperature distribution in the inlet air stream. -

2. The heat requirements and the pressure and mass-flow losses were
shown to be readily calculable from theoretical relations.

3. The loss in thrust resulting from bleedback amounted to approxi-
mately 15 percent for icing protection at.an alr-stream static tempera—
ture of 0° F.

Inertia-Separation Inlets

1. Complete icing protection without prohibitive air-flow and pres-
sure logses could not be achleved. The requirement for extensive locsal
heating and the aerodynamic penalties assoclated with the ducts limited
the use of inertia-separation Inlets for turbojet engines.

2. Submerged inlets required local heating of the inlet ramp, side
wells, and inlet 1ip, as well as removal of all ice ahead of the inlet.

CONCLUDING REMARKS
AND RECOMMENDATIONS

The need for icling protection of a turbojet engine results from
the mass-flow and pressure losses assoclated with the icing of the var-
ious engline components. The compressor-inlet screen, in pesrticular,
constitutes a hazdrd that can ceuse engine failure in a matter of min-
utes. The Iinlet gulde vanes of an axial-flow-type turbojet engine also
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represent a distinct hazard that could cause engine shutdown in a short
period of time. The removal or retraction of the inlet screen is recom-
mended to increase the engine icing tolerance and permli easier icing
protection. In addition, an. increase in the size and the spacing of the
inlet guide vanes would be desirsble. The rest of the engine components
such as the inlet lips, the duct surfaces, the islands, and the acces-
sory housing may reguire lcing protection. The performance losses
associated with icing of these components do not constitute an immediate
danger to englne operation. The loss In performdnce caused by these

ice formations may, however, result in a considerable decrease In the
range and the speed of the aircraft. A centrifugal-flow-type turbojet
engine .is relatively unsusceptible to icing once the compressor screen
has been removed. )

Surface heating with hot gas involves the fabrication of ducts and
passages beneath the surfaces to be heated. High-temperature materisls
and insulation add fabrication problems and small welght penalties.

With either compressor-outlet or turbine-inlet bleedoff, heating of
critical elements, such as guide vanes, can usually be accomplished with
sufficient pressure and temperature remeining at the vane outlets to
supply protection for some of the secondary elements, such as acces-
sory housings and inlet ducts.  During let-down conditions, the avail-
able gas pressure and tempersture mey be marginal for protection of

the engine in severe icing conditions.

Difficulties encountered in the fabrication of electrical heating
elements and the maintenance problems of an electrical heating system
appear to be greater than for a hot-gas system.

The hot-gas-bleedback system (for heating inlet air) can be applied
to current engines with minor mocdifications to the engine installstion.
The high temperatiures and pressures required mey be obtained by the
bleedback of turbine-inlet gas or by compressor-outlet alr with reheat.
A hot-gas-bleedback system that employs combustion gases will pollute
the 1inlet air and affect the use of the compressor air for cabln pres-
surization purposes. B o o L

Icing protection may be obtaslned by any of the previously described
systems. -All the systems penalize the silrcraft iIn icing conditions,
either by performance losses caused by weight increases, or by thrust
losses and Increased specific fuel consumption; in nonicing conditiouns,
however, the performence losses are negligible. Surface heating, by
either electrical means or hot gas, eppears toc be the most acceptable
in relation to performance losses in lcing conditlions. The choice of
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any particular system is dependent on the supply of heated gas and
electrical power available and on the allowable perfdrmance and
welght penalties.. . : .

Lewis Flight Propulsion Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chio, - -
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APPENDIX-SYMBOLS
The following symbols are used in this report:

cp specific heat of air, Btu/(1b)(°F)

cp,g specific heat of gas, Btu/(Iv)(°F)

cp,w specific heat of water, Btu/(1p) (°F)

L 1stent heat of vaporization of water, Btu/lb
m  liquid-water content, 1b water/lb air
P total préssure, lb/sq £t absolute
q dynemic pressure, l'b/sq £t absolute
T total temperature, °R
Tg plenum-chamber gas temperature, °F
To Pree-stream total temperature, CF
32~ (Tg-At)
AT temperature difference, Hixing off iéfency’
Ot loss in temperature recovery, 12.5 X 10-6 vZ, Op
tg, datum temperature, °F
tg,m mean gas tempersture in vane, op
v maximum velocity in duct, 'ft/sec
Wg, mass flow through engine, lb/sec
Wg hot-gas flow through orifices, 1lb/sec
Ws saturated vapor content, lb water/lb dry air
Vg hot gas flow through venes, lb/hr
B bleedback ratio, ;E
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Subscripts:

i :’r:ced" o

scr station shead of compressor-inlet screen

u uniced

0] free stream

1 station in inlet

2 station at compressor inlet (ahead of guide vanes)

3 station Just behind inlet guide vanes
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Figure 7. - Sketch illustrating effect of inlet-
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(a) Circumferentisl round-wire axisl-flow-type campressor-inlet screen; initial air
veloclty ahead of screen, 250 feet per secomd; iInlet-alr total temperature, 10° F;
liquid-water content, approximately 0.6 gram per cubic meter; icing time, 12 minutes.

C- 17457

(b) PFront compressor-inlet screen of centrifugal-flow-type englne; flight speed, 180 miles
per hour; inlet-sir total temperature, 15° F; liquid-water content, 0,3 to 0.4 gram per
cubic meter; lcing time, .27 minutes.

Pigure 8, -~ Typlcal ice formations on two representative compressor-inlet screens.
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Figure 9. - Ice formations on axial-flow-type turbojet-engine Inlet at reted engine speed;
flight speed, 165 to 180 miles per hour; amblent-air temperaturs, 25° F; liguid-water
content, 0.4 to 0.6 gram per cubic meter; mesn drop dismeter, 1l to 16 microns; icing
time, 22 minutes; thrust loss, 18 percent.
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C.25799

C-25798

(b) Rime-ice formetioms; inlet-air total temperature, 0° F; icing time, 7 minutes.

Figure 12. - Typical rime and glaze icing on an inlet-guide-vane cascade; inlet-air
veloclty, 265 teet per second; liquid-water content, 0.9 gram per cublc meter.
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Figure 14, - Ice formation om axial-flow-type turbojet-engine inlet during flight at 92
porcent of rated engins speed. Indicated flight speed, 173 to 185 mlles per hour;
ambient-air temperature, 17° to 22° F; liguid-water content, 0.4 to 0.9 gram per cubic
meter; effective lcing time, 33 minutes; thrust loss, 26 percent.
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Figure 18. - Installstion of inlet-guide-~vane cascade in icing research tunmel.
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Figure 19' - Cross sections of gas-heated inlet
gulde vanes showing Internal-passage configurations
and thermocouple locatlons.
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Filgure 23. - Construction details of electrically heated inlet
guide vane showlng location of heater circults and surface

thermocouples.
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(a) Datum temperature, -28° F; liquld-water content,

approximately 0.3 gram per cublc meter;

density, 13.7 watts per square inch.
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(b) Datum temperature, 17° F; liquid-water content,
approximately 0.8 gram per cublic meter; average power
denslty, 3.9 watts per square inch.

Pigure 24. - Surface-temperature distribution along vane
surfaces with continuous electrlcal heatling, Inlet-ailr

veloclty, 400 feet

per second.
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Figure 25. - Minimum power requirements for
ice prevention with continuous heatling of
Inlet gulde vanes as function of datum
temperature. Liquid-water content, 0.30
to 0.85 gram per cubic meter.
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Flgure 26. - Typlcal surface-temperature-rise curves at gulde-vane leading
and trailing edges with cyclical electrical heatlng for various heat-on
perloda as funetion of time. Inlet-sir velocity, spproximately 392 feet
per second; ambient-alr temperature, -11° ¥; liquid-water content,
approximetely 0.6 gran per cublc meter.
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Flgure 27. - Variatlion of average instantaneous power
density requlred for lce removal with cyeclical
electrical de-icing of inlet gulde vanes as function
of datum temperature. Liquld-water content, 0.3 to
0.8 gram per cublc meter; heat-off perlods, 60 to
120 seconds. '
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- Schematic dlagram of eddy-current heatlng
for Inlet gulde vanes.
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Figure 29, - Sketch of long, straight inlet used for investigation of hot-ges bleedback. Imstrumentation
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Figure 31. - Sketch showing optimum orifilce configuration
wlth calculated Jet outlines. Duct dlameter, 12.375
inches.
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Figure 32. -~ Pressure recovery as function of
bleedback Ffor 1rijection gas temperature of 1000° F
and a free-stream total temperature of 0° F.
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Figure 33. - Thrust loss wlth hot-gas bleedback to 1nlet alr as function

of free-stream statlic temperature.

Flight Mach number, 0:.5; llquld-

water content, 1.0 gram per cublc meter; pressure altitude, 10,000

feet.
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Figure 34. - Sketch of Internal inertia-separation inlet showlng principal components.
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Figure 35. - Schematic sketch of anmlar subtmerged-inlet setup.
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(b) Ice accretioms on vent inlet after 60-minute icing time. Tunnel air velocity, 235
feet per second; tunnel-sir total temperature, 21° F; liguid-water content, 1,1 grams

per cubic meter.

Figure 36. - Icing characte_ristic_s of a submerged-inlet type fuel vent.
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